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Basic Idea behind Indirect Probes of New Physics

Example: Rare B decays

+ = v + + +
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1672 ma, m3, ARp
/ ) \
measure calculate precisely get information on
precisely the SM contribution NP coupling and scale

Anomalies at low energies can establish a new scale in particle physics
= No-loose theorems, guaranteed discoveries at colliders, ...
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Overview of
the Anomalies
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The Bs — 't~ and By — utpu~ Decays

WA, Stangl 2103.13370; combination of LHCb-paper-2021-007, CMS 1910.12127, ATLAS 1812.03017
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Semileptonic Branching Ratios
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Experimental results for
BR(B — Kuu)
BR(B — K*pupu)
BR(Bs — ¢pup)

are consistently low
across many g2 bins
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The P; Anomaly

P ~ a moment of the B — K*ut .~ angular distribution

LHCb 2003.04831
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Anomaly persists in the latest update of B — K*0y* .~ with 2016 data.
(Anomaly also seen in B* — K** ;% 1~ LHob 2012.13241)
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Evidence for Lepton Flavor Universality Violation
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LFU in Charged Current Decays: Rp and Rp-

Bernlochner, Franco Sevilla, Robinson, 2101.08326

LI e T
I Belle 2015

L e
4 Belle 2017
[ BaBar 2012 4 LHCb 2015
l'ﬁf [ Belle 2020 4 LHCb2018 RD BR(B — DTV)

BR(B — Dtv)

[1 Average (pp-)

BR(B — D*rv)

Ao- BR(B — D*tv)

R(D") | R(D*) s

{=pu,e (BaBar/Belle)
l=np (LHCb)

0.8 [ 1 1 Il 1 1
050 0.75 1.00 1.25 1.50 1.75

R(D)/R(D)sx
Ry®/RSV =1.13+0.10, RSP/RSM =1.15+0.06

combined discrepancy with the SM: 3.60

(the heavy flavor averaging group quotes 3.10)
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Anomalous Magnetic Moment of the Muon

BNLg-2 —+—@9——+
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New Physics?

—— +——+
Standard Model Experiment
Average
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9
a,_,X1O -1165900

4.2 o discrepancy between the experimental average (Fermilab g-2, 2104.03281)
and the SM consensus (Aoyama et al. 2006.04822)
(see, however, the lattice results from BMW 2002.12347)

Aa, = (251 +59) x 107"
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(Selection of) Anomalies in 2021
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(Selection of) Anomalies in 2021

b-clv
charged current
decays

B~ K*up
angular (P,")

BR(B ~ K pp)
BR(B -~ K*up)

BR(B, — ®pp

— relevance of hadronic effects

b—sll
FCNC decays

N (inspired by
significance (0)
Zoltan Ligeti)
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Bottom-Up Approach to the Anomalies

theory input / bias

A

‘mativated’ address other open questions: hierarchy problem, SM flavor puzzle,...
models T ensure the madel is renormalizable, UV complete, ...

simplified introduce new particles in the simplest way possible
models

(e.g. a single lepto-quark or a single Z’ boson)

effective field
theory
(SMEFT / LEFT)

parameterize new physics model independently
(need to make minimal assuptions, e.g. new physics is heavy)

experimental input

(inspired by Marco Nardecchia)
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Implications of the
muon g-2
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Model Independent Analysis and New Physics Scale

The leading effective operator that modifies the anomalous magnetic
moment of the muon and that respects SU(2), x U(1)y

C . 4m,v
Lett = —— H(fio oz F? = Aa, ~ "
eff /\’2\“3 (/ B ) I e\/éf\ﬁp
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Model Independent Analysis and New Physics Scale

The leading effective operator that modifies the anomalous magnetic
moment of the muon and that respects SU(2), x U(1)y

C 4m,v
Lot = — H(jio,sp)FY7 = Aag, ~ AV
e e\/_/\
Ly Fof
strong coupling A2, (Roasn) Anp ~ 290 TeV
1oz p HEgas) P
weak coupling 1672 A2, HOoappe Anp >~ 14 TeV
e 1 _ o
weak coupling + MFV 16?2‘;2 re H(foasn)F g Anp ~ 280 GeV
NP

(MFV = Minimal Flavor Violation)
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Probing (g — 2),, at a Muon Collider

» In the strongly coupled case, the new physics scale might be too
high to be probed directly anytime soon. But there is a model
independent signature at a muon collider, Buttazzo, Paradisi 2012.02769

2

NG Aa, \°
o (gt = fry) = 0.78b x (30 TeV) \3x 109
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Probing (g — 2),, at a Muon Collider

» In the strongly coupled case, the new physics scale might be too
high to be probed directly anytime soon. But there is a model
independent signature at a muon collider, Buttazzo, Paradisi 2012.02769

Vs \2/ A \2
o(jups = fry) = 0.7ab x (30 TeV) \3x 109

» Weakly coupled simplified models are essentially guaranteed to be
discovered at a muon collider.

(H)
See the exhaustive survey of all |
particles that can show up in the KL f—\ H

loop by Capdevilla et al. 2006.16277, (v
2101.10334
Y
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Probing New Physics Models (MSSM)

» It is very well known that the
MSSM can give sizeable

=
contributions to (g — 2),, via e
tan 8 enhanced slepton "
chargino/neutralino loops =
many many recent references =)

(apologies for the omission) osf
» Sleptons, charginos, neutralinos \ \\

need to be pretty light 05 1 2 5

my, = my, (TeV)

» Compressed specira to avoid
exising LHC constraints

» Good discovery prospects at
the high luminosity LHC and
ete™ colliders (ILC, CLIC)
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Wolfgang Altmannshofer (UCSC)

Probing New Physics Models (MSSM)

It is very well known that the
MSSM can give sizeable
contributions to (g — 2),, via
tan 8 enhanced slepton
chargino/neutralino loops
many many recent references
(apologies for the omission)

Sleptons, charginos, neutralinos
need to be pretty light

Compressed spectra to avoid
exising LHC constraints

Good discovery prospects at
the high luminosity LHC and
ete™ colliders (ILC, CLIC)

(g — 2),, and flavor anomalies

A (TeV)

=u=

=M,

M,

my, = my, (TeV)

> In
, sleptons, charginos,
neutralinos can be significantly
heavier
WA, Gadam, Gori, Hamer 2104.08293
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Implications of the
b — sf¢ Anomalies
(Rk , Rk- and Friends)
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Model Independent Analysis

Mt = =2 Vo Vi g zz(c,o,w' )

magnetic dipole operators semileptonic operators scalar operators
bH(L) \\ \ / HLR R(L) \\ / HR(L
¢ BAAN o cer
SL(R) / / \ ML(R SL(R) / \ HL(R
C (8o Panb)F™ . COEvPumb)(@y i) C (8Pawyb)(EPumn)

C{ (57 Pur) b) (75 11)

neglecting tensor operators and additional scalar operators
(they are dimension 8 in SMEFT: Alonso, Grinstein, Martin Camalich 1407.7044)
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Global Fits

2.0
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—— Rk & Rg~ 10, 20
154 <
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Es
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bspipt
Cy

WA, Stangl 2103.13370 (other recent fits: Geng et al.
2103.12738; Cornella et al. 2103.16558; Alguero et al.
2104.08921; Hurth et al. 2104.10058)

Wolfgang Altmannshofer (UCSC)

(g — 2), and flavor anomalies

C** (8va PLb) (7 1)
Cro"* (8va PLD) (Y y511)
» LFU ratios prefer

non-standard Co, but large
degeneracy
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Global Fits

bspupt
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WA, Stangl 2103.13370 (other recent fits: Geng et al.
2103.12738; Cornella et al. 2103.16558; Alguero et al.
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2104.08921; Hurth et al. 2104.10058)

(g — 2), and flavor anomalies

Ca™(%a PL) (v 1)
Cio"" (87a PLb) (7 ys1)

LFU ratios prefer
non-standard Co, but large
degeneracy

Bs — 't~ branching ratio
shows slight preference for
non-standard Cio

b — suu observables
prefer non-standard Cy

best fit point
C& ~ —0.63

Cbsuu

R

+0.25
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The New Physics Scale

47 _ _
unitarity bound /\T,\‘P(SAY”PLb)(‘W ») Anp ~ 120 TeV x (C§7)~1/2
WP,
generic tree /\ﬁ,,(s7 L) (" 1) Anp =~ 35 TeV x (C57)~"/2
MFV tree /\2 Vi Vis (87 PLb) (117" 1) Anp = 7 TeV x (CyP)~1/2
NP
generic loop TR (37, PLb) (" 1) Anp ~ 3 TeV x (C5F)~1/2
NP
1 N NPy —1/2
MFV loop 16 —— VoV BnPb)(in’p) e = 0.6TeVx (Cor)

(MFV = Minimal Flavor Violation)
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Model Independent Approach at the LHC

5 137 fo' (13 TeV, ee) + 140 fb” (13 TeV, pp)
T
CMS

even if the new degrees of freedom
are not accessible at the LHC,
high energy tails of di-lepton spectra
are in principle affected
(Greljo, Marzocca 1704.09015)

MC
IRY oo

combined

urp/e'e”

%
|
i

Data

0.5 + -
R = M %00 300 400 ldOO 2000 3000
o(pp — ee) m [GeV]

CMS 2103.02708 (also ATLAS 2105.13847)

Co™" (31 PLb)(v 1) Cig™" (870 PLb) (7 1511)

» flavor changing operators are probed up to scales of few TeV
» order of magnitude is missing to probe the b — s¢¢ anomalies
— would need a 100 TeV collider
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Model Independent Approach at a Muon Collider

[WA, Gadam, Profumo, in progress]

G (87aPLb) (V") Cig™ (870 PLL)(r 1)

» At a muon collider look for 'y~ — bs

» Main background from p*tu~ — bband utu~ — qq
with misidentified jets. Mis-ID rate O(1%)?

» (Background from up — bs negligible(?) GIM suppression m{/s?)
» Very naive estimate for signal over background

S s? 1 NG
B g4/\ﬁp €mis-ID 10 TeV

4

» Because of SU(2), also expect operators with top quarks
Search for single top production ptp~ — tc ?

> to identify the chirality structure of operators?
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Simplified Models

possible tree level explanations:
» Z' Bosons LQ
» Lepto-Quarks

|
=

upper bounds on flavor violating couplings from Bs mixing imply
upper bounds on the particle masses (e.g. Di Luzio et al. 1909.11087)

> mz < g, x5TeV
» mq < (30 — 60)TeV (depending on the lepto-quark representation)

— a weakly coupled Z’ might be in reach of the LHC
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Z' at HL/HE LHC

green: Ry(.) explanation, gray: low scale Landau pole

red: Bs mixing constraint, blue: LHC sensitivity

Naive o(pp—Z'—ppn) [fbl, My=1.5TeV, vs = 14 T Naive o(pp—2'—up) [fb], My=2TeV, vs = 33 Te\
6 6 i H |
i H ‘
5 | 0 3
5 1 I '
o o o
4 4 I S G
o o o
S a3 i | 0
=3 S | : :
2 2 o
1 1 ' : :
(0] S P - = 0 :,____»_'\»“_____1_
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.000 0.005 0.010 0.015
sb gsb
gL L

“minimalistic” Z’ setups cannot be fully covered at the HL/HE LHC (3/ab)
even for rather light Z’ of O(TeV)
Allanach, Gripaios, You 1710.06363; also Chivukula et al. 1706.06575
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Z' at HL/HE LHC

sensitivity increases in the presence of a sizable Z’bb coupling

o. 0005 0.01 0015 002 0 0005 0.01 0015 0.02 0 0005 001 0015 0.02
05 i i H 4105 05 J
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ment 04 04
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0. . 0. 0 0.

0. 0.005 0.01 0.015 0.02 0. 0.005 0.01 0.015 0.02 0. 0.005 0.01 0.015 0.02
[ 9b 9o

mz = 200 GeV mz = 350 GeV mz =500 GeV

Dalchenko, Dutta, Eusebi, Huang, Kamon, Rathjens 1707.07016
also Kohda, Modak, Soffer 1803.07492
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Leptoquarks at the HL/HE LHC

pair production single production
10-2,95% CL lim. 2nd gen. leptoquark pair production 10°195% CL1im. 2nd gen. leptoquark single production
= :
o — CMS8TeV,19.6 b ! : — CMS8TeV,19.6 fb!
5 -~ HL-LHC 14 TeV, 3ab"! 102 -~ HL-LHC14TeV,3ab!
= 10 —— HE-LHC33TeV,1lab! I — HE-LHC 33 TeV, 1l ab!
2 -~ HE-LHC 33 TeV, 10 ab ! s -~ HE-LHC33TeV, 10 ab~!
310 oxi0 x BR HE-LHC 33 TeV S 7,2 % BR HE-LHC 33 Tev
% ..... oxio % BR LHC 14 TeV 15 a,-2x BRLHC 14 TeV
= -4
g 10 m 10
X
x S
b \ 108 % el .
10°° :
' - 10°
2 4 6 8 10 0 2 4 6 8 10 12
MITeV] MITev]

Allanach, Gripaios, You 1710.06363
also Hiller, Loose, Nisandzic 1801.09399

Leptoquarks could be significantly beyond the LHC reach
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Leptoquarks at a Muon Collider

» pair production

pieT - LOLQ 0.500
» single production
0.100
pV — LQ+ jet 215 0.050L
Q —"
» Drell-Yan with 5
t-channel LQ 0.010 g
0.005 92. All Production Channels
pwtp= — bb g N5 =3 TeV
Flavor Scenario 2
ptu™ = ss 0001 —— 57710 20 50

myq [TeV]

Asadi, Capdevilla, Cesarotti, Homiller 2104.05720
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Leptoquarks at a Muon Collider

» pair production

1t
+ —
prem o LQLQ 0.500¢
» single production
) 0.100 .
uwV — LQ+ jet o 0.050E-
«Q
» Drell-Yan with
t-channel LQ 0.010} g
L 0.005¢ -§All Production Channels
phpT — bb & V5 = 14 TeV
n g:j Flavor Scenario 2
pp —SS 0.001—— 510 20 50
miq [TeV]

Asadi, Capdevilla, Cesarotti, Homiller 2104.05720
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Leptoquarks at a Muon Collider

» pair production
ptuT = LQLQ

» single production
uV — LQ+ jet

» Drell-Yan with
t-channel LQ

pwtp= — bb

,u+,u_ — 8S

uwrpu~ — bs

Wolfgang Altmannshofer (UCSC)

QL. ,.QL
Y Yn

(g — 2),, and flavor anomalies

107!

1072

1073

Huang, Jana, Queiroz, Rodejohann 2103.01617

Leptoquark

== 3TeV, 1ab!

== 6TeV,4ab”!
== 10 TeV, 10 ab~!
3 &
DS

LHC
HL-LHC _ .

| . 1

1 10
Ms, (TeV)

100

August 30, 2021
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Implications of the
b — ctv Anomalies
(RD y RD*)
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Model Independent Analysis

4Gr

Hest = N VerOy, + 2z Z CiO;

byr \ / TL/R
CLR / \

O; = contact interactions
with vector, scalar
or tensor currents
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Model Independent Analysis

4Gr
\/_

bi/r TLR Shi et al. 1905.08498
/ \ 0.35] E
CLR

Heﬁ VcbOVL /\2 Z C O

£ 0.30
. . o

O; = contact interactions

with vector, scalar

or tensor currents . fioatar.

! Tensor

rescaling Of the SM veCtor 0.20 0.25 0.30 : 0.35 0.40 045‘050
operator fits the data best Rp

combinations of operators

\ (also Murgui et al. 1904.09311, Asadi, Shih 1905.03311,
are also possible

Cheung et al. 2002.07272, ... )
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New Physics Scale

unitarity bound

generic tree

MFYV tree

Wolfgang Altmannshofer (UCSC)

(C'y,,PLb)(T'y Pv) -
/\ﬁp Anp ~ 8.4 TeV
L(E‘ P.b)(7~" Pv)
A2, T PLERTY L Anp ~ 2.4 TeV
Ve (S PLb) (77" PLv) Anp =~ 0.5 TeV

A2
ANP

(MFV = Minimal Flavor Violation)
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New Physics Scale

unitarity bound /\ﬁp (. Pub) (77 Puv) Anp =~ 8.4 TeV
LI P, b)(7~" P,
generic tree /\TNP(C% Lb)(Ty" PLv) Anp ~ 2.4 TeV
MFV tree Ag Voo (Cyo PLb) (7" PLrv) Anp >~ 0.5 TeV
NP

(MFV = Minimal Flavor Violation)

rather low scale — model building is non-trivial
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Model Independent Approach at the LHC

Crossing symmetry

Expect non-standard

mono-tau production Sh
at the LHC =
- t c v
(possibly in association \Y,
with b-jets)

WA, Dev, Soni 1704.06659; Greljo et al. 1811.07920;
Marzocca et al. 2008.07541; ...
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Model Independent Approach at the LHC

Crossing symmetry

Expect non-standard

mono-tau production I b
at the LHC ¢ c
- il \"
(possibly in association \V)
with b-jets)
WA, Dev, Soni 1704.06659; Greljo et al. 1811.07920;
Marzocca et al. 2008.07541; ...
0.015
0.010
T/ » Collider and low energy sensitivities
& are complementary
o0 » High-luminosity LHC can probe

B-1y
—0.010} rvCcMs 35917
v 300fb™!
Tv+b 3006~
-04 -02 00 0.2 04

[ T3

large parts of parameter space

-0.015
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Simplified Models for Ry at the LHC

» W’ models excluded by direct searches

» Charged Higgs bosons strongly constrained by B, — 7~ and
B — D™ v kinematic distributions

» “3rd gen.” leptoquarks can work. At colliders, look for pair production,
single production, or modifications to pp — 77

4. T T T T T 40 T T T
= = )
é CJ
sspREl d ® E 35 = = 4
2 B & 2l 3
=z 2 & 5 o
30 Bl =2 & B 30 2| 3 B
) Z 8
= 5§ = B
25k = 8 PRS- RS 1
E1 S 4 5 =S N
1| ¥ Sl S @
&~ - , & 4
gu 20F e 4 w2k 1L P 4
ok ]
» Iy 15
15 V“) 4 5k
10F 1 10f &ﬂ‘\“\" E
05 B 05 1
o IS S T DO T S 00l I S T DU T T
10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
My [TeV] My [TeV]

Cornella et al. 2103.16558

Preferred leptoquark parameter space can be
covered at the high-luminosity LHC
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Combined Explanations of the B anomalies

» U; leptoquark can simultaneously explain

Model ‘ . . ‘
Ry« and Rp.) (recent studies: Cornella et al. ‘ ode Bre  Bpe
2103.16558; Angelescu et al. 2103.12504) S (3 3,1/3) v X

U | he remnant of an exten _
> 1coudbet.:ae ato? extended s (3.11/3)| x "
gauge group: “4321 models”,
(Pati-Salam)® models (Di Luzio et al. 1708.08450; Ry (3,2,7/6)| X v
Bordone et al. 1712.01368, ...)
] . U (3,1,2/3)| v v
» full models typically have many more collider
accessible states: coloron, Z’, vector-like Us (8,8,2/3)| v X

fermions
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Combined Explanations of the B anomalies

» U; leptoquark can simultaneously explain

Model ‘ . . ‘
Ry« and Rp.) (recent studies: Cornella et al. ‘ ode Bre  Bpe
2103.16558; Angelescu et al. 2103.12504) S (3 3,1/3) v X

Uy coul he remnant of an exten _
» U oudbet.:ae ato? extended s (3.11/3)| x "
gauge group: “4321 models”,
(Pati-Salam)® models (Di Luzio et al. 1708.08450; Ry (3,2,7/6)| X v
Bordone et al. 1712.01368, ...)
] . U (3,1,2/3)| v v
» full models typically have many more collider
accessible states: coloron, Z’, vector-like Us (8,8,2/3)| v X

fermions

» also attempts for simultaneous explanations in RPV SUSY
Deshpande, He, 1608.04817; WA, Dev, Soni 1704.06659; Earl, Gregoire 1806.01343;
Trifinopoulos 1807.01638; WA, Dev, Soni, Sui 2002.12910; Dev, Soni, Xu 2106.15647; ...
» look for sbottoms, stops, staus, sneutrinos with RPV couplings
pp — tup, PP — bup, pp — brv, ...
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The muon g-2 and the B decay anomalies could be
signs of new physics at collider accessible scales
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The muon g-2 and the B decay anomalies could be
signs of new physics at collider accessible scales

(9-2)u

» Anp 5 290 TeV

» best motivated
NP scenarios are
plausibly in reach
of the LHC

» almost
guaranteed to
see something at
a muon collider
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Rk, Rk~ and friends

Anp 5 120 TeV

some scenarios in reach
of the LHC; but the
generic scale is higher
would like a 100 TeV
collider and/or a muon
collider to systematically
explore NP models
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The muon g-2 and the B decay anomalies could be
signs of new physics at collider accessible scales

(9-2)u

» Anp S 290 TeV

» best motivated
NP scenarios are
plausibly in reach
of the LHC

» almost
guaranteed to
see something at
a muon collider

Wolfgang Altmannshofer (UCSC)

Rk, Rk~ and friends

» Anp 5 120 TeV

» some scenarios in reach
of the LHC; but the
generic scale is higher

» would like a 100 TeV
collider and/or a muon
collider to systematically
explore NP models

(g — 2),, and flavor anomalies

Rp, Rp-

» Anp ,S 8 TeV

» should have
already seen
something at
the LHC

» new physics
should be around
the corner
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My Favorite Z’ Model

Z' based on gauging L,, — L, (He, Joshi, Lew, Volkas PRD 43, 22-24)
with effective flavor violating couplings to quarks

WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

Q: heavy vectorlike fermions with mass ~ 1 — 10 TeV
¢: scalar that breaks L, — L,
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My Favorite Z’ Model

Z' based on gauging L,, — L, (He, Joshi, Lew, Volkas PRD 43, 22-24)
with effective flavor violating couplings to quarks

WA, Gori, Pospelov, Yavin 1403.1269; WA, Yavin 1508.07009

predicted Lepton
Universality Violation!

Q: heavy vectorlike fermions with mass ~ 1 — 10 TeV
¢: scalar that breaks L, — L,
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Probing the L, — L, Parameter Space

WA, Gori, Martin-Albo, Sousa, Wallbank 1902.06765

Neutrino Tridents

Bs mixing
0.100
(9—-2),
ve scattering g
0.010
Z— U
Z—4u
0.001
ete” — 4u

0.100 1 10 100 1000
my (GeV)

0.001 0,010
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L, — L, at a Muon Collider

Huang, Jana, Queiroz, Rodejohann 2101.04956

1
» The Z’ of gauged
L, — L; is hard to miss 1
at a muon collider 107§
y Y
» For heavy Z’, look for 4. 102
contact interactions i
i / 10-3)
> Forlghtzg , look for oy o3Tev ]
PR Luminosity = 1 ab™!
]0—4 Ll . . Ll
0.1 1 10

Mz (TeV)
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